Six new dissymmetric bis(indenyl) zirconium dichloride complexes of the type (C9H7)[C9H6-(CH2)n-O-Ar]ZrCl2 (n = 3-5; Ar = aryl group) bearing an unsubstituted and an ω-aryloxyalkyl substituted indenyl ligand were synthesized, characterized, activated with methylalumoxane (MAO) and tested for ethylene polymerization. The activities of the catalysts depend very much on the steric bulk of the O-Ar group as well as on the CH2-chain length between the aryloxy group and the indenyl ligand. The best activity (26233 kg PE/mol cat h) was obtained with catalyst precursor 4a (n = 3; Ar = 2-biphenyl). Obviously the biphenyl group and the limited length of the CH2-chain protect the oxygen atom very efficiently from coordination to an active site of the same or a neighboured molecule during the polymerization process.
Introduction
In the past 25 years metallocene complexes of group 4 metals in combination with methylalumoxane (MAO) have been extensively studied for a wide variety of catalytic homo-and copolymerization reactions of α-olefins. The reason is the fact that tiny differences in such molecules can have a drastic effect on the performance as catalysts. Therefore, the structure-property-relationship plays an essential role for the design of tailored catalysts especially because the catalyst structure can be easily modified by introducing various substituents at various positions of the ligand framework. In the past, many attempts have been made to predict the best catalyst by molecular modeling. The results were not satisfying because there are too many open parameters involved in the polymerization reaction that cannot be controlled properly:
The degree of activation of the catalyst precursor, the interaction of the generated catalyst cation and the counter anion, the nature of MAO being a dynamic equilibrium of a variety of different alumoxanes and free trimethyl aluminum, as well as the solvent contribute to the performance of these catalysts. Because of this situation, an empirical approach is more realistic to design such catalysts. Alkyl substitution at the indenyl ligands generally enhances the polymerization activity. Functional groups can also alter the activity of a catalyst depending on their electron donating or withdrawing effects. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] In this work we report six new dissymmetrical zirconocene dichloride complexes bearing an unsubstituted and an ω-aryloxyalkyl substituted indenyl ligand.
A comparison with the unsubstituted parent complex, (ind) 2 ZrCl 2, and symmetrically substituted bis(indenyl) complexes should reveal whether or not such substitutions improve the performance of these metallocene catalysts.
Results and Discussion
Synthesis of the ω-phenoxyalkyl substituted indenyl compounds 1-6
For the synthesis of the ω-phenoxyalkyl substituted indenyl compounds 1-6, a substituted phenol was refluxed with an excess of an α,ω-dibromoalkane in the presence of potassium carbonate and catalytic amounts of a crown ether (18-crown-6) under reflux conditions to obtain the corresponding ω-bromo-1-phenoxyalkanes. The reaction of ω-bromo-1-phenoxyalkanes with indenyl lithium gave the desired ω-phenoxyalkyl substituted indenyl compounds (Scheme 1).
18-crown-6 acetone reflux
-LiBr 1 (n = 3; R = C6H4-4-t-Bu) 4 (n = 3; R = 2-Ph-Ph) 2 (n = 4; R = C6H4-4-t-Bu) 5 (n = 5; R = 2-Ph-Ph) 3 (n = 5; R = C6H4-4-t-Bu) 6 (n = 3; R = 1-Naphthyl) Scheme 1: Synthesis of the ligand precursors 1-6.
Synthesis of the dissymmetric bis(indenyl)zirconium dichloride complexes 1a-6a
Dissymmetric zirconocene dichloride complexes can be prepared by the reaction of indenyl zirconium trichloride and the lithium salt of the desired ω-aryloxyalkyl substituted indenyl derivative (Scheme 2). 
Scheme 2: Synthesis of the dissymmetric zirconocene dichloride complexes 1a-6a.
In the 13 C NMR spectrum, 29 signals are observed (see experimental section).
Because of symmetry reasons, only 25 are expected for each species. The explanation for this discrepancy lies in the existence of rac and meso rotamers.
Unsubstituted bis(indenyl) complexes often show only the spectrum of one species because the rotation of the aromatic ligands around the metal bond axis is fast enough in the NMR time scale. In the case of substituted indenyl ligands, however, the rotation is slowed down and two rotamers can be detected at room temperature.
Ethylene polymerization
The dissymmetric zirconocene dichloride complexes 1a-6a proved to be suitable catalyst precursors for ethylene polymerization. They were activated with a 2000-fold molar excess of MAO. The activated complexes were suspended in 250 ml of n-pentane and the suspension was transferred to a 1 litre Büchi reactor. The polymerization of ethylene was performed at 65˚C under 10 bar ethylene pressure.
The ethylene polymerization activities and the thermal analysis results of the selected polymer samples are listed in Table 1 .
The ethylene polymerization activities of complexes 1a-6a depend strongly on the bulk at the phenoxy substituent as well as on the length of the spacer chain separating the aryloxy group from the indenyl ligand. In the series 1a-3a, with the same tert. butyl substituent in para position, complex 4a with a chain length of three CH 2 groups shows the highest activity (26233 kg PE/mol cat .h). Obviously this is the best CH 2 -chain length and the bulkiest group in this series to protect the oxygen atom from intra-or intermolecular interactions with oxophilic zirconium atoms. Simultaneously the -I effect of oxygen decreases the electron density at the active centre and hence increases the activity of the catalyst. An additional increase of activity can be reached when both indenyl ligands are substituted with bulky ω-aryloxyalkyl groups. [41] Simultaneously, deactivation reaction pathways are minimized. A comparison of catalyst activities with that of unsubstituted (ind) 2 ZrCl 2 (3200 kg PE/mol cat h)
shows that the catalyst activity can be increased via this strategy. Very similar results are reported in the literature. [5] Compared to 4a, catalyst 6a shows a much lower activity. This could be due to the stronger intermolecular interactions of the 2-naphthyloxy group with the catalyst centre favoured by a longer CH 2 -chain. The DSC results reveal that these catalysts produce polyethylenes with high heats of fusion, melting points and crystallinities and the values of these parameters grow by increasing the length of the spacer chain between the aryloxy moieties and the indenyl ligand.
Experimental

General aspects
All reactions were carried out under inert atmosphere using Schlenk technique.
Argon was purified before its use as an inert gas. Methylene chloride was distilled over phosphorus pentoxide. Toluene, tetrahydrofuran, diethyl ether and n-pentane were purified by distillation over Na/K alloy. Deuterated solvents (CDCl 3 and C 6 D 6 ) were purchased from Eurisotop and stored over molecular sieves (3 Å). Argon (5.0) and ethylene (3.5) were purchased from Rieβner Company. Methylalumoxane (10% in toluene) was purchased from Chemtura Europe Limited. All other starting materials were commercially available and used without further purification.
NMR spectroscopy
A Varian Inova (400 MHz) spectrometer was available for recording the NMR spectra at 298 K. In the 
GC/MS
GC/MS spectra were recorded with a FOCUS Thermo gas chromatograph combined with a DSQ mass detector. A 30m HP-5 fused silica column (internal diameter 0.32 mm, film thickness 0.25 µm and carrier flow 1mL/min) was used with helium (4.6) applied as a carrier gas. The measurements were recorded using the following temperature program: Starting temperature: 50°C, duration: 2 minutes;
Heating rate: 20°C/minute, duration: 12 minutes; Final temperature: 290°C, duration:
27 minutes.
Elemental analysis
Elemental analyses were performed with a Vario EL ІІІ CHN instrument. The values of C, H and N were calibrated using acetamide as standard. Crystallinities were calculated using the extrapolated value of 290 J/g for 100% crystalline polyethylene.
General description of ethylene polymerization experiments
For the homogeneous polymerization of ethylene, a few milligrams of the complex is dissolved in toluene (5-10 mL) and activated with methylalumoxane (MAO).
The activated complex is suspended in pentane (250 mL) and transferred to a 1 litre
Büchi autoclave under inert atmosphere. The temperature of the thermostat was adjusted to the desired value and a slurry polymerization of ethylene was carried out under 10 bar ethylene pressure for one hour. After cooling the system, the pressure was released, the obtained polymer was filtered over a glass frit, washed with dilute hydrochloric acid, water and finally with acetone and then it was dried under vacuum.
General synthesis procedure for the ω-aryloxyalkyl substituted indenyl complexes 1-6
An amount of 10 mmol of the appropriate phenol, 10 mmol of potassium carbonate, 30 mmol of the desired α,ω-dibromoalkane and catalytic amounts of 18-crown-6 were refluxed in acetone for 24-72 hours. The reaction mixture was cooled, the solvent removed followed by the addition of distilled water and extraction with diethyl ether (2×100 mL). After passing the solution over sodium sulphate and removing the solvent, the residue was distilled to obtain the corresponding ω-bromo-1-aryloxyalkane compound in 80% yield. An amount of 5 mmol of n-butyllithium (1.6 M in n-hexane) was added to 5 mmol of indene dissolved in 100 mL of diethyl ether at -78 °C. After warming up to room temperature and stirring for further 3 hours, the solution was cooled to -78°C and an amount of 5 mmol of the ω-bromo-1-aryloxyalkane was added. The solution was allowed to warm up to room temperature and stirred for further 12 hours. The solution was washed with distilled water and dried over sodium sulphate. Removal of the solvent gave the desired ω-aryloxyalkyl substituted indene compound in almost quantitative yield. The synthesized compounds were characterized by GC/MS and NMR spectroscopy. 
C 9 H 6 -[(CH 2 ) 3 -O-C 6 H 4 -tBu] (1):
General synthesis procedure for the dissymmetric bis(indenyl)zirconium dichloride complexes 1a-6a.
An amount of 1 mmol of n-butyllithium (1.6 M in hexane) was added to 1 mmol of the substituted indene compound dissolved in 50 mL of toluene at -78°C. The solution was allowed to come to room temperature and it was stirred for further 3 hours. This solution was then transferred to a suspension of indenyl zirconium trichloride (1 mmol) in 50 mL toluene at -78°C. The reaction mixture was allowed to come to room temperature and stirred for further two days. The mixture was filtered, the volume of the filtrate was reduced and pentane was added to precipitate the complex. After filtration, the residue was washed several times with pentane and dried under vacuum to obtain the desired complex as yellow powder in 40% yield. The synthesized complexes were characterized by NMR spectroscopy and elemental analysis. 
Conclusion
Dissymmetric mono aryloxy substituted bis(indenyl) zirconium dichloride complexes can be activated with MAO and be applied as efficient homogeneous catalysts for ethylene polymerization. The activities of the catalysts can vary in a wide range. Because of the high oxophilicity of zirconium, oxygen atoms are catalyst poisons blocking active sites in the polymerization process. However, when bulky protection groups in the right distance from the metal are applied, this negative effect can be efficiently compensated and the electron withdrawing effect of oxygen can be used to increase the catalyst activity.
